The ob jec tive of this pa per is to de ter mine the tech ni cal and eco nomic fea si bil ity of an al ter na tive en ergy sys tem in which the ur ban wa ter sys tem func tions as a source for sus tain able en ergy sup ply. It is dem on strated that aqui fer ther
In tro duc tion
The need for a more sus tain able, less vul ner a ble en ergy sup ply is now a days widely acknowl edged [1, 2] . Wa ter of fers many op por tu ni ties to con trib ute to a more sus tain able en ergy supply. Pos si bil i ties in clude geo ther mal and aqui fer en ergy sys tems [3, 4] and the use of wa ter as a direct heat col lec tor [5] . The com bined use of ground wa ter and sur face wa ter as a heat stor age and heat col lec tion sys tem has rarely been stud ied [6] . This pa per re ports on pos si bil i ties of this com bi na tion by de scrib ing a casestudy. In the Neth er lands, build ings are mainly heated by con ven tional nat u ral gas based cen tral heat ing sys tems (CHS), most of ten on in di vid ual house scale. How ever, in creasingly the use of aqui fer ther mal en ergy stor age (ATES), for heat ing and cool ing of build ings is applied. ATES is a con cept in which the aqui fer serves as a me dium for tem po rary heat stor age and cold stor age. Heat ing and cool ing is de liv ered by heat pumps to the build ing. The first pro ject was re al ized in Dorigny, Swit zer land, in 1982 and more pi lots were started in Den mark (Hørsholm) and the USA (St. Paul, Minn.) [7] . The to tal num ber of ATES pro jects has grown rap idly. For in stance, in 2005 there were over 400 fin ished ATES pro jects in the Neth er lands [7] . Be sides us ing the ground wa ter, the ur ban sur face wa ter sys tem as a source for heat can be ap plied. The first pro ject in Eu rope that is still func tion ing was fin ished in Zürich, Swit zer land, in 1938. Here, the Rathaus building ex tracts heat and cold from the Limmat river. A pro posal to in ves ti gate the ca pac ity of us ing the Am ster dam ca nal sys tem to heat new ur ban dis tricts was made in 1946 [8] . How ever, this in ves ti gation was never made be cause of the abun dance of nat u ral gas at the time. The re cent ur gency to find re new able en ergy sources has put the ur ban sur face wa ter back on the map of en ergy sources in the Neth er lands. Re cently, pro jects were fin ished in the cit ies of Den Bosch and Den Haag and an other pro ject is pro posed in Rot ter dam. This re search in ves ti gates the pos si bil ity of com bin ing the po tential of sur face wa ter sys tems and ground wa ter sys tems (ATES) as an en ergy source.
Ben e fits of ATES are: a very high ef fi ciency, a high level of com fort, and a con sid erable amount of CO 2 re duc tion [9] . Al though ATES is used more and more in the Neth er lands, the sys tem still has its lim i ta tions. Ap pli ca tion of the sys tem re quires long term aqui fer heat equi lib rium to pre vent struc tural aqui fer tem per a ture change. There fore, ATES is mainly used in of fice build ings in which heat de mand is com pa ra ble to cool ing de mand on a yearly timescale. In other build ings, such as res i den tial build ings, ATES is used less fre quently be cause heat ing de mand tends to be much higher than cool ing de mand. In that case, ap pli ca tion of ATES re sults in a struc tural aqui fer tem per a ture de crease. To in crease fea si bil ity of ATES in res i den tial dis tricts, ex pand ing it with a heat col lec tion sys tem (ATES+) by ex tract ing heat from sur face wa ter for aqui fer re gen er a tion is a prom is ing op tion. In the mu nic i pal ity of Heerhugowaard in the north ern part of the Neth er lands, a new ur ban dis trict of 2816 houses, De Draai, will be de vel oped. The am bi tion of the mu nic i pal ity Heerhugowaard is to give the ur ban wa ter sys tem more eco nomic value. More over, the mu nic i pal ity aims to be come the first mu nic i pal ity in the Neth er lands that achieves a CO 2 neu tral emis sion sta tus. For that pur pose, ATES+ is com pared to a con ven tional sys tem (CS) on CO 2 re duc tion, wa ter system ef fects, and cost ef fec tive ness.
With ATES groundwater is ex tracted from an aqui fer. In win ter, when heat ing is needed, heat is ex tracted from ground wa ter. The ex tracted heat is trans ferred to the work ing fluid in the heating sys tem of the house. By us ing a heat pump, the work ing fluid in the low tem per a ture heat ing (LTH) sys tem ob tains a tem per a ture of 35-50 °C. Ground wa ter at the same time is cooled down a num ber of de grees and in fil trated back into the aqui fer. The left part of fig. 1 elab o rates this. Dur ing sum mer, the sys tem works in the op po site way. Heat sur plus in houses is ex tracted by cold groundwa ter, and groundwa ter of higher tem per a ture is in fil trated in the aqui fer. No neg a tive ef fects oc cur as long as the amount of ex tracted heat to the aqui fer is the same as the amount of sup plied heat to the aqui fer on a long timescale. The ATES sys tem is sup ple mented with a sur face wa ter heat col lec tion sys tem (ATES+) in or der to ob tain heat equi lib rium on a yearly timescale. The re quired amount of heat will be ex tracted from the ur ban wa ter sys tem in the three sum mer months, when the tem per ature is high est. Dur ing these months, wa ter qual ity prob lems oc cur that re sult from eutrophication. These prob lems are ag gra vated by high wa ter tem per a ture. ATES+ could have a pos i tive in flu ence on these prob lems be cause it will de crease sur face wa ter tem per a ture. Wa ter is pumped from the sur face wa ter sys tem. In a heat exchanger heat is trans ferred from sur face wa ter to ground wa ter. Sur face wa ter is cooled down and ground wa ter is heated. Sub se quently, cooled water is dis charged to the sur face wa ter and ground wa ter with in creased tem per a ture is in fil trated. This causes a con tin u ous heat flux from sur face wa ter to ground wa ter which re gen er ates ground wa ter with heat and re cov ers aqui fer heat equi lib rium on a yearly base. Fig ure 2 il lus trates the con cept.
Meth ods
To de ter mine the tech nical and eco nomic fea si bil ity of the wa ter sys tem as a sustain able en ergy source (ATES+), a cou ple of steps are taken. First, en ergy demand and CO 2 emis sion of the new res i den tial dis trict are cal cu lated. Heat and cooling will be sup plied to houses by use of ATES+. The yearly dif fer ence be tween heat ing and cool ing de mand de termines the aqui fer heat shortage. Sec ond, fea si bil ity of the lo cal geohydrological sit u ation is de ter mined by ana lysing pre vi ous sur veys and bore-hole data. Third, temper a ture ef fects and ox y gen con tent ef fects on the sur face wa ter sys tem are de ter mined. Fourth, the eco nomic fea si bil ity is deter mined, cli mate as pects are in ves ti gated, and a com par i son with CS is made.
Heat de mand es ti ma tion method
Heat ing and cool ing in houses is used for in door cli mate con trol and heat ing of tap water. Heat de mand is de ter mined by the qual ity of in su la tion, typology of the house, and re gional cli mate con di tions. The Dutch gov ern ment has is sued stan dards for in su la tion, the en ergy perfor mance co ef fi cient (EPC). For new houses the EPC should be equal or lower than 0.8. The typology of the houses in De Draai con sists of 19 dif fer ent types, rang ing from sin gle apart ments to one fam ily houses. These houses have been clas si fied ac cord ing to five ref er ence house types of SenterNovem [10] . Ref er ence houses have stan dard ized en ergy de mands and CO 2 emis sions that are used to cal cu late heat de mand. These fig ures are based on Dutch cli mate con di tions, hous ing data and the Dutch na tional en ergy in fra struc ture in clud ing the nat u ral gas dis tri bu tion sys tem and the elec tric ity grid. In this re search, ref er ence houses are used to cal cu late en ergy demand and CO 2 emis sions in the CS and ATES+ sys tem in or der to en able com par i son. The CO 2 re duc tions for ATES+ are cal cu lated based on pre vented nat u ral gas use. To de ter mine the required max i mum heat ing ca pac ity and cool ing ca pac ity for houses P h and fa cil i ties P S , eqs. (1) and (2) are used [11] :
The max i mum re quired ground wa ter ex trac tion is de ter mined by the heat ing and cooling ca pac ity, the tem per a ture dif fer ence and the co ef fi cient of per for mance (COP) of the heat pump. It is given by eq. (3) [11] :
Ground wa ter fea si bil ity method
No net ex trac tion of ground wa ter takes place, only ex trac tion of heat. The lo cal ground wa ter fea si bil ity to sup ply the de sign dis charge is de ter mined by soil and aqui fer char acter is tics (type, pro file, qual ity) and avail able space to lo cate bore-holes for ex trac tion and in filtra tion. Soil and aqui fer data are from the ground wa ter map of the Neth er lands [12] , data on four bore-holes in for ma tion from the geohydrological da ta base REGIS [13] and from the na tional geo log i cal DINO da ta base [14] . Space is needed to lo cate bore-holes for ex trac tion and in fil tration of the re quired de sign dis charge. The num ber of bore-holes is de ter mined by the max i mum al low able bore-hole ve loc ity, bore-hole di am e ter, and per me abil ity. For in fil tra tion, the max imum al low able bore-hole ground wa ter ve loc ity is given by eq. (4) that is based on the work of Buik et al. [15] . The mem brane fil tra tion in dex (MFI) gives the spe cific clog ging ca pac ity of the ground wa ter [sl -2 ] in terms of how much time is re quired for a li ter of wa ter to flow trough the fil ter and how this num ber in creases with each li ter of wa ter. With the spe cific clog ging ve loc ity v cl of the ground wa ter, per me abil ity k, and the full load equiv a lent of the heat pump, the max imum al low able ve loc ity on the bore-hole is given by eq. (4) For ex trac tion, the max i mum al low able bore-hole ve loc ity is given by eq. (5) [11] :
The max i mum al low able ve loc ity on the bore-hole, bore-hole ra dius r and the max imum re quired ground wa ter ex trac tion de ter mine the to tal re quired fil ter length h which can than be cal cu lated by eq. (6):
Sur face wa ter heat bal ance method
Two types of wa ter sys tem ef fects are dis tin guished: tem per a ture ef fects and ox y gen con tent ef fects. To quan tify tem per a ture ef fects on the sur face wa ter sys tem, a heat bal ance spread sheet model on a monthly base is made. The main pur pose of this re search is to quan tify the ca pac ity of sur face wa ter to sup ply heat to the ground wa ter in or der to achieve aqui fer heat equi lib rium on yearly ba sis. For that pur pose a heat bal ance is used to quan tify sur face wa ter tem per a ture ef fects re sult ing from heat ex trac tion. The heat bal ance of a wa ter body is given by eq. (7) 
So lar ra di a tion
The sun is con stantly heat ing the earth and wa ter sur faces. Di rect so lar ra di a tion is referred to as short wave ra di a tion (wave length <4 mm). Only a part of the in com ing so lar ra di ation even tu ally reaches the earth be cause of clouds, dust par ti cles, and re flec tion. There are many em pir i cal re la tions to de scribe the re la tion be tween in com ing so lar ra di a tion and net so lar ra di a tion. How ever, since the net so lar ra di a tion in the Neth er lands is mea sured by the Royal Me te o ro log i cal Agency [17] , these mea sure ments are used as an in put for the model.
At mo spheric ra di a tion
So lar ra di a tion causes heat ing of the at mo sphere that sub se quently re sults in at mospheric el e ments emit ting (long wave) at mo spheric ra di a tion. The amount of ra di a tion emit ted from these el e ments is de ter mined by the tem per a ture, cloud den sity and vapour pres sure. The law of Stefan-Boltzmann gives the fol low ing gen eral re la tion:
The emissivity e var ies con sid er ably de pend ing on the con di tion of the at mo sphere. The fol low ing ex pres sion (9) for emissivity was pro posed by Edinger [18] that was based on the work of Brunt [19] :
in which a and b are con stants that de pend on air tem per a ture, and the ra tio of mea sured at mospheric ra di a tion, and the the o ret i cal at mo spheric ra di a tion. The at mo spheric vapour pres sure is given by eq. (10) . . (10) Sev eral re search ers have in ves ti gated the co ef fi cients in Brunt's for mula. Ta ble 1 provides an over view [21] . For Dutch cir cum stances, the fol low ing re la tion (11) has been pro posed by Wiggers [22] . In this for mula the emissivity is a func tion of cloud cov er age and at mo spheric vapour pres sure:
This re la tion is com pa ra ble with the Brunt for mula [20] , the emissivity dif fer ence under Dutch cir cum stances is less than 3%. 
Back ra di a tion of lake
The back ra di a tion of the lake is the heat emit ted from a wa ter body. The pro cess can be phycially de scribed by the law of Stefan-Boltzman, the only de ter min ing fac tor is the wa ter temper a ture T w and in this case e = 0.97 [16, 22, 23] . The re sult ing heat flow is pre sented in eq. (12):
Evap o ra tion heat flux
By the pro cess of evap o ra tion, heat is ex tracted from sur face wa ter. By con den sa tion heat will be de liv ered to the sur face wa ter. The evap o ra tion flux is de ter mined by a wind ve loc ity func tion and the dif fer ence be tween the ac tual vapour pres sure and the sat u ra tion vapour pres sure. The fol low ing ex pres sion (13) de scribes the heat ex trac tion re sult ing from evap o ra tion [16] :
There are many em pir i cal ap prox i ma tions of the wind ve loc ity func tion in dif fer ent regions. An over view is pre sented in Boderie [20] . The for mula of the World Me te o ro log i cal Orga ni za tion [24] has a good ap pli ca bil ity for mod er ate cli mates [25] . For the sat u ra tion vapour pres sure many good ap prox i ma tions are avail able that yield al most iden ti cal re sults [20] . The wind func tion and sat u rated vapour pres sure are com puted as: 
Con duc tion heat flux
The con duc tion heat flux, or sen si ble heat flux, is the heat flux that is driven by the tem per a ture dif fer ences be tween the wa ter tem per a ture and the air tem per a ture. Bowen [26] found that heat con duc tion and evap o ra tion heat flux are pro por tional with Bowen ra tio B. gen eral ex pres sion is given by eqs. (16, 17) . The Bowen ra tio is de ter mined by the psychometric contant g and the dif fer ence be tween wa ter tem per a ture and air tem per a ture, and the dif fer ence be tween sat u ra tion vapour pres sure and at mo spheric vapour pres sure:
Sub sti tut ing eqs. (14, 16, 17) in eq. (13) gives the fol low ing ex pres sion for con duc tion heat flux:
Heat pump ex trac tion flux
An ad di tional heat bal ance com po nent in this case is ex trac tion of heat from sur face wa ter. This amount is equal to the to tal an nual re quired re gen er ated heat de mand di vided by the amount of ex trac tion days di vided by the to tal sur face of the wa ter sys tem. Equation (19) presents the re la tion:
Be cause the wa ter sys tem un der con sid er ation is a closed sys tem, heat flux H f re sult ing from inflowing and outflowing wa ter in the sys tem is equal to zero. In the heat bal ance com ponents, only sur face wa ter ra di a tion, evap o ra tion heat flux, and heat con duc tion are (partly) deter mined by wa ter tem per a ture. Be cause all other fac tors are known, the sur face wa ter equi librium tem per a ture can be cal cu lated iteratively by a spread sheet model for a sit u a tion where heat is ex tracted (ATES+) and in a sit u a tion where no ex trac tion takes place (CS). Ta ble 2 sum marizes the heat bal ance com po nents.
Ox y gen con tent ef fects
By ex tract ing heat from the sur face wa ter sys tem, wa ter tem per a ture is decreased. Phys i cal rep a ra tion is the flux of ox y gen from the at mo sphere to the surface of the wa ter sys tem. Reaeration is de ter mined by the ox y gen def i cit: the differ ence in sat u ra tion ox y gen con tent and the ac tual ox ygen con tent. The sat u ra tion ox y gen con tent de pends on the wa ter tem per a ture. Phys - i cal reaeration is de ter mined by the ox y gen def i cit and the phys i cal reaeration co ef fi cient, it is de scribed by eq. (20) [27] :
Be cause the phys i cal reaeration co ef fi cient k 2 is con stant for small tem per a ture changes, the in crease in ox y gen flux is pro por tional to the in crease in ox y gen def i cit D. Fur ther in crease of ox y gen flux can be ex pected by an in creased sur face wa ter cir cu la tion ve loc ity. This will be caused by ex tract ing and dis charg ing wa ter for heat ing and cool ing pur poses. Equa tion (21) de scribes that the phys i cal reaeration co ef fi cient will in crease with the ca nal flow cir cu lation ve loc ity that re sults from wa ter dis charge to the sys tem [25, 28] :
Eco nomic fea si bil ity method
To com pare the com bined cost of in vest ments and ex ploi ta tion var i ous meth ods are avail able. Cal cu la tion of the net pres ent value (NPV) and in ter nal rate of re turn (IRR) are of ten used for this pur pose. The NPV dis count fu ture ex pen di tures and in come X in year T to their pres ent value [29] , the re la tion is ex pressed by eq. (22):
The IRR in di cates at which dis count rate a pro ject be comes prof it able. The dis count rate at which the NPV of a pro ject is zero is equal to the IRR. The higher the IRR the more fea sible a pro ject is from an eco nomic point of view be cause in that case the pro ject can be ex e cuted by even a very high dis count rate. The IRR can be de ter mined by it er a tion in eq. (23) [29] :
A com par i son is made be tween a CS with gas based cen tral heat ing and the sys tem in which the wa ter sys tem is the source for sus tain able en ergy (ATES+). For this com par i son, the invest ment and ex ploi ta tion costs of the to tal sys tem are taken into ac count in clud ing, ex trac tion and in fil tra tion, dis tri bu tion and the heat pump in stal la tion at house hold level.
De sign spec i fi ca tions, con stants, and as sump tions
To be able to de ter mine the fea si bil ity of the con cept de sign spec i fi ca tion were obtained from the tech ni cal con sul tants that have de signed the sys tem. For other fac tors, as sumptions are made for heat de mand, ground wa ter, sur face wa ter, and eco nomic as pects based on refer ence pro jects and anal y sis of the lo cal sit u a tion. De sign spec i fi ca tions (DS), con stants (C), and as sump tions (AS) are sum ma rized in tabs. 3-5. De sign spec i fi ca tions were ob tained from the sys tem en gi neers that col lab o rated in this re search. Fur ther more, the wa ter sys tem is assumed to be have like a fully mixed sys tem, be cause the wa ter sys tem in De Draai con sists of con nected small lakes in which mix ing cir cu la tion pumps are in stalled. Monthly wa ter tem per ature is as sumed con stant. In re al ity, wa ter tem per a ture fluc tu a tions around the av er age oc cur, how ever, these do not af fect the monthly heat balance and the in flu ence of heat ex trac tion on the av er age wa ter tem per a ture. Heat sources that are ne glected in the heat model are tur bu lence, transport by pre cip i ta tion, heat con duc tion to and from the bed sed i ments and bi o log i cal and chem i cal deg ra da tion pro cesses. How ever, the con tri bu tion of these pro cesses to the equi lib rium tem per a ture is only small [16, 25] .
Re sults

Heat de mand and CO 2 emis sion
Ta ble 6 gives the heat de mand, re quired heating and cool ing power of the to tal res i den tial district. This de ter mines to tal ground wa ter ex traction, yearly ground wa ter ex trac tion and yearly heat short age of the aqui fer. More over, CO 2 emis sions are pre sented. As can be ob served, ATES+ has an an nual CO 2 emis sion of 2750 tons com pared to 6750 tons in case of a con ventional sys tem; this is equal to a CO 2 re duc tion of 60%.
Ground wa ter fea si bil ity
The lo cal soil pro file is sche ma tised in tab. 7. Fur ther anal y sis of lo cal data shows that the sep a rat ing layer be tween the first and the sec ond aqui fer is ab sent at the lo ca tion of De Draai. Per me abil ity is about 20 m per day. More over, the first aqui fer is brack ish, grad u ally chang ing to salt from a depth of 40 me ters. There fore, the first and sec ond aqui fer from a depth of 20 up to 60 me ter can be used for plac ing fil ters to ex tract and in fil trate water. Mix ing of fresh and brack ish wa ter will not oc cur be cause there is no fresh wa ter in the ex trac tion zone. No oc cur rence of mix ing is a pre con di tion for ob tain ing le gal per mis sion for the heat pump concept in the Neth er lands. Space is needed to lo cate bore-holes for ex trac tion and in fil tra tion of the re quired de sign dis charge. The num ber of bore-holes is de termined by the max i mum al low able bore-hole ve loc ity, bore-hole diam e ter and per me abil ity. The avail able area of 1.500.000 m 2 is suf fi cient to lo cate 14 wells with mu tual dis tance of 225 m. Ta ble 8 sum ma rizes the re sults.
Sur face wa ter fea si bil ity
Ta ble 6 shows that the yearly heat short age in the aqui fer un der the res i den tial dis trict is 85,325 GJ. This is the amount that will have to be ex tracted from the ur ban sur face wa ter sys tem. Re sults from the heat bal ance model en able com par i son be tween CS and ATES+. As a re sult, eval u a tion of the net tem per a ture de crease is pos si ble. Ta bles 9 and 10 show the tem per a ture decrease that re sults from heat ex trac tion is 1.5 to 1.6 °C. The cor re spond ing ox y gen sat u ra tion con - 
37->60
Mod er ate fine to mod er ate coarse sand tent in creases. Two driv ing forces de ter mine the phys i cal reaeration flux (1) the ox y gen def i cit, and (2) the flow ve loc ity. In case of a ox ygen con tent of 5 mg/l, the ox y gen def i cit in creases with 8.7% in June, 4.6% in July, and 4.7% in Au gust. The ex trac tion and dis charge of wa ter for heat ing and cool ing results in a two fold in crease of cir cula tion flux com pared to CS in which only a cir cu la tion pump is in stalled. This causes a pro portional in crease in flow ve loc ity. Con se quently, phys i cal reaeration in creases with 36 to 41%, fol lowing eq. (21).
Eco nomic fea si bil ity
The in vest ment costs of the ATES+ are con sid er ably higher. How ever, the ex ploi ta tion costs are lower be cause of en ergy sav ings .  Fig ure 3 shows the NPV of ATES+ is lower than the NPV of the conven tional sys tem. Af ter 30 years of 
Dis cus sion
Po ten tial and ap pli ca bil ity
The re sults show that ap pli ca tion of ATES+ in De Draai is pref er a ble to CS based on wa ter sys tem effects, cost ef fec tive ness and CO 2 emis sion. ATES+ makes the con struc tion a nat u ral gas dis tri bu tion net work ob so lete in a new ur ban de vel op ment. There fore, the dis trict does not rely on in ter na tional gas dis tri bu tion net works that might be disrupted in the fu ture by geopolitical ten sions, in ci dents, or ter ror ism. How ever, still elec tric ity is needed for op er at ing the sys tem. Re cent cli mate im pacts re search on sur face wa ter sys tems, indi cate that cli mate change will re sult in an in crease of 0.8 to 2.8 °C in the Neth er lands [30] . This will cause in creased wa ter qual ity prob lems, such as an aer o bic con di tions and eutrophication.
De creas ing the wa ter tem per a ture by us ing ATES+ po ten tially mit i gates ef fect of cli mate change on ur ban sur face wa ter sys tems.
Al though the fea si bil ity of the ATES+ con cept has been dem on strated for one res i dential pro ject in the Neth er lands, it is ap pli ca ble else where. Con sid er ing the fact that more than 85% of the Neth er lands is suit able for aqui fer heat stor age and new de vel op ments have an increas ing amount of sur face wa ter, this con cept has high po ten tial. In an in ter na tional con text this con cept has po ten tial for cit ies in al lu vial plains where aqui fers have been formed and sur face wa ter such as lakes, rivers, or ca nals are pres ent.
Lim i ta tions and ob sta cles
Lim i ta tions of the re sults can be sub di vided in wa ter sys tem ef fects and eco nomic effects. For ground wa ter fea si bil ity, as sump tions have been made for the spe cific clog ging ve locity and MFI. These as sump tions are based on com pa ra ble pro jects in the Neth er lands and ha ven been used to cal cu late the crit i cal in fil tra tion ve loc ity. The as sump tions made in tab. 3 are conser va tive de sign stan dards. For in stance, MFI is gen er ally be low 2 s/l 2 in Dutch cir cum stances [31] , whereas the spe cific clog ging ve loc ity is gen er ally higher than 0.1 m per year. As a re sult, the re quired sur face in tab. 8, is a up per bound es ti mate.
The as sump tion made in tab. 4 with re gard to the ac tual ox y gen con tent cor re sponds with the min i mum tar get level of the lo cal wa ter board in cor re spon dence with the Eu ro pean Wa ter Frame work Di rec tive [32] .This is a lower bound as sump tion: higher ox y gen con tent will re sult in a higher rel a tive in crease of the ox y gen def i cit by de creas ing the tem per a ture. Ta ble 10 in di cates that phys i cal reaeration in creases with 36 to 41% by ap ply ing ATES+. This will have ben e fi cial ef fects on wa ter qual ity. How ever, con clu sions about the re sult ing ox y gen con tent can not be made within the scope of this re search. To es ti mate ox y gen lev els, a de tailed wa ter qual ity in ves ti ga tion should be un der taken in fol low up re search that in cludes bi o log i cal reaeration pro cesses in ad di tion to phys i cal pro cesses.
The eco nomic as sump tions are based on con ser va tive es ti mates. For in stance, the annual nat u ral gas price is as sumed to be 5%. Over the past 10 years, the gas price in the Neth er - lands has risen with an av er age of 8% and elec tric ity with 7% [33] . Con sid er ing the ex pected life time of the sys tem and the un known en ergy price de vel op ment in the fu ture, rather safe assump tions have been made. How ever, with the cur rent global surge in en ergy prices, the long term eco nomic fea si bil ity of the ATES+ sys tem is prob a bly more fa vour able than is re ported here.
An ob sta cle for large scale im ple men ta tion of this con cept is the rather high in vestments costs. Al though the ex ploi ta tion costs are con sid er ably lower be cause of en ergy sav ings, only res i dents ben e fit from this, whereas pro ject de vel op ers face higher in vest ment costs. As a re sult, pro ject de vel op ers are not likely to con trib ute to wide scale ap pli ca tion of the sys tem. A pos si ble so lu tion could the com mer cial ex ploi ta tion of the sys tem by an en ergy util ity com pany. Given the high IRR of the sys tem, there is cer tainly a com mer cially at trac tive po ten tial.
An other fac tor pre vent ing ap pli ca tion on a wider scale are com pet ing al ter na tives, more es tab lished, sus tain able en ergy op tions such as as phalt so lar col lec tors, bio mass in stal lations or col lec tive sys tems that sup ply sur plus heat from in dus trial ar eas and waste in cin er a tors. For these sys tems, sub si dies from the gov ern ment are al ready avail able. The ATES+ con cept does not have this ben e fit.
Con clu sions
This pa per has dem on strated that a new res i den tial dis trict in the Neth er lands can be self re li ant for heat ing and cool ing pur poses by aqui fer ther mal en ergy stor age sup ple mented with sur face wa ter heat col lec tion (ATES+). By cool ing the sur face wa ter with 1.5-1.6 °C in three sum mer months, enough heat is col lected to com pen sate full res i den tial heat ing and cooling de mand. This makes sus tain able en ergy sup ply by aqui fer ther mal en ergy stor age (ATES) pos si ble in res i den tial ar eas. Un til now, this sys tem has mainly been ap plied in of fice build ings. With the con cept of ATES+, fos sil fu els are no lon ger re quired to heat houses, al though elec tricity re mains nec es sary to op er ate the sys tem. Con sid er able en ergy sav ings and a CO 2 emis sion re duc tion of 60% are achieved. Wa ter qual ity and eco log i cal im prove ment take place be cause a lower tem per a ture re sults in in creas ing ox y gen con tent. More over, ex pected wa ter tem per a ture in crease by cli mate change can be pre vented. The con cept is also eco nom i cally fea si ble. Consid er ing the full life time and all in vest ment and ex ploi ta tion costs, the con cept is more prof it able than a con ven tional sys tem. There fore, this con cept has the po ten tial to con trib ute to the so ci etal ob jec tive to achieve a more sus tain able, self-re li ant en ergy sup ply.
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